Abstract
INTRODUCTION
Improved surgical techniques and perioperative intensive care have resulted in a steady decline in early mortality after emergent surgery for acute type A aortic dissection (AAAD) [1] . Nevertheless, perioperative mortality and morbidity remain high and further progress is needed in the treatment of this challenging disease. The standard procedure consists of an emergent ascending aorta and hemiarch replacement with open distal anastomosis in hypothermic circulatory arrest (HCA), and aortic root repair [1, 2] . This approach is associated with an early mortality rate of 10-20% [3, 4] . More recent reports have shown even lower immediate mortality rates, below 10%, however this is mainly seen in experienced centres and with specialized aortic teams [3] [4] [5] . Early deaths are often due to malperfusion of various end-organ systems, particularly mesenteric, cerebral and coronary ischaemia [3] .
The standard procedure for AAAD is also associated with a relevant reoperation rate, on the descending thoracic aorta (DTA), of up to 38% within 10 years after initial surgery [6] [7] [8] . Persistent perfusion of the false lumen in the DTA makes it prone to further dilatation and subsequent rupture. Avoiding perfusion of the false lumen in the DTA and re-establishment of a dominant flow in the true lumen might not only prevent progressive further aortic dilatation but also has the potential to immediately improve abdominal and more peripheral organ perfusion. A strategy to achieve such a therapeutic goal surgically, by undertaking more extensive aortic repair including aortic arch replacement and stent grafting of the proximal DTA, known as the 'frozen elephant trunk' (FET) or Suns procedure, has been proposed [2, 9] . This technique is promising but can be challenging in the acute setting due to its complexity, even for experienced centres, and the operative mortality is not improved compared with the standard procedure [10] [11] [12] .
We hypothesized that a simplified repair, consisting of a standard hemiarch replacement in HCA combined with an antegrade, open implantation of a covered stent graft into the proximal DTA, known as the 'modified frozen elephant trunk' (MFET) [10] , might improve the outcome compared with the standard procedure. The modified procedure is associated with many of the theoretical advantages of the FET, but is easier and faster to perform.
MATERIALS AND METHODS
This is a retrospective study of prospectively collected data. The study was approved by the institutional ethics committee.
Patients
Hundred and forty-one consecutive patients who underwent emergent aortic surgery for AAAD at our institution from January 2010 to April 2016 were included in the study. In October 2013, we introduced the MFET repair for patients with AAAD. The decision whether to undertake the standard aortic repair or the MFET procedure was based on surgeon preference. No specific selection criteria were used, e.g. the extent of the aortic dissection or the suspected aetiology did not influence the decision. Since 2013, the MFET technique was gradually adopted by all surgeons; so far, 37 patients have undergone the MFET for AAAD at our institution.
Preoperative and intraoperative management
Diagnosis was confirmed by computed tomography (CT) scan and intraoperative transoesophageal echocardiography (TEE) before initiating surgery. Anaesthesia induction and intraoperative management have been described previously [13, 14] .
Surgical technique and conduct of hypothermic circulatory arrest
The standard procedure was performed as previously described [14] . In the stented group, a conformable GoreTAG V R aortic stent graft (WL Gore & Associates, Flagstaff, AZ, USA) was chosen (10-15% larger than the measured proximal DTA diameter) and during HCA delivered antegrade over the previously introduced guide wire and placed right distally to the left subclavian artery (Fig. 1A) . The length of the stent used was 100 mm in women and 150 mm in men. The proximal part of the stent graft was fixed with either interrupted 3-0 Surgipro II TM V-20 (Covidien TM ) sutures or a continuous suture according to surgeon preference (schematic view in Fig. 1B ). After completion of the fixation, a Gelweave Ante-Flo prosthesis (Vascutek, Inchinnan Renfrewshire, Scotland, UK) was anastomosed to the hemiarch by a running suture (Fig. 1C) . In the stented group, this circular running suture integrated the stent graft along the lesser curve if possible. Cardiopulmonary bypass (CPB) was re-established in an antegrade fashion and the procedure was continued as previously described [14] .
Definition of clinical parameters
Patient characteristics were defined according to the EuroSCORE guidelines [15] . Preoperative neurological dysfunction was defined as any focal neurological deficit or coma. Preoperative abdominal pain was defined as any pain at rest or pressure pain in the abdominal region. Postoperative stroke was defined as any focal neurological deficit/coma and/or cranial imaging showing cerebral infarction [CT or magnetic resonance (MR) imaging]. Postoperative abdominal intervention was defined as any invasive procedure (open or endovascular) performed in the abdomen due to suspected visceral ischaemia.
Follow-up
All patients were followed up in our specialized aortic outpatient clinic for CT scan and clinical examination at 6 months after initial surgery.
Statistical analysis
Data are presented as mean ± standard deviation (SD) or as counts and percentages as appropriate. First, all 141 consecutive patients were analysed. Second, a matched analysis for patients with or without stent implantation was performed based on the logistic EuroSCORE before surgery for AAAD was undertaken. Each patient in the MFET group was matched to a patient with a standard aortic repair. The maximum difference in the logistic EuroSCORE allowed between matched individuals was ±1. Continuous data and groups of categorical data were compared using appropriate statistical tests. Survival at 6 months was estimated using Kaplan-Meier method, and comparison between groups made with log-rank test. All statistical tests were twosided and a P-value of <.05 was considered significant. Statistical analysis was performed with SPSS for Mac version 22.0 (SPSS IBM, Armonk, NY, USA) and Stata for Mac version 14.1 (StataCorp LP, College Station, TX, USA).
RESULTS

Preoperative data
Patient characteristics for the 141 consecutive patients are shown in Table 1 . The mean (±SD) age was 62 (±13) years, 68% of patients were male, and the logistic EuroSCORE was 37 (±21). 30.5% of patients presented with any focal neurological deficit or coma, 10.6% of patients had any pain at rest or pressure in the abdominal region.
Patient characteristics in the matched groups, 37 patients with standard repair and 37 with MFET, are shown in Table 2 . The logistic EuroSCORE was 29 (±19) in both groups and, similarly, no other preoperative variables differed between the two groups.
Intraoperative data
All patients underwent ascending and hemiarch replacement in HCA with antegrade cerebral perfusion (ACP) as a standard procedure for AAAD. In those with implanted stents, the diameter of the stent graft ranged from 28 to 40 mm, and the length from 100 to 150 mm. The level of the distal part of the stent graft was in zone 4, between TH4 and TH6. Table 1 shows the intraoperative data for all consecutive patients. The time of HCA and ACP for hemiarch replacement, with or without antegrade stent implantation, was 17 (±7) min. Table 2 shows the intraoperative data for matched patients. Procedures-with the exception of the antegrade stent implantationdid not differ between the groups. CPB time and cross-clamp time were not statistically significantly different. However, time of HCA with ACP was longer in the MFET group compared with the standard group, 23 (±7) min vs 15 (±7) min, P < 0.001.
Postoperative data
Postoperative data for all 141 patients are shown in Table 1 .
Stroke occurred in 17.7% and paraplegia in 1.4% of all consecutive patients. In matched groups, postoperative data showed a numerically higher stroke rate in the standard repair patients, 9 (24.3%) versus the MFET, 3 (8.1%), though the difference was not statistically significant. In the standard repair group, eight patients had focal neurologic deficits (including hemiplegia, dysarthria, aphasia, anisocoria) with cerebral imaging (MR/CT) showing infarction, and one patient was in a persistent coma and later died; in the MFET group, three patients had cerebral imaging demonstrating local infarction, one showed a hemiparesis and two others had a delirium without focal neurological deficits. One patient with a standard repair developed a new paraplegia postoperatively. Two (5.4%) patients in the standard repair group and one in the MFET group (2.7%) underwent a subclavian-carotid bypass after the initial surgery due to severe unilateral carotid stenosis, P = 0.3.
Abdominal intervention for suspected visceral ischaemia was needed in 12.8% of all consecutive patients. The abdominal intervention rate in matched patients was also higher in the standard repair group, 7 (18.9%) vs 2 (5.4%), though the difference was not statistically significant. In the standard repair group, two patients presented mesenteric ischaemia requiring bowel resection, one needed open revascularization of the superior mesenteric artery, Figure 1 : A Intraoperative view in HCA with ACP catheters (white arrow) in both carotid arteries and resected hemiarch, the stent (black arrow) is implanted antegrade into the DTA led by a guide wire. B Illustration of the implanted stent, the proximal end of the stent graft is fixed (black arrow) with either an interrupted or a continuous suture. C The prosthesis is anastomosed to the hemiarch by a running suture (black arrow). D The postoperative CT scan shows an excellent result, no endoleak is found (white arrow). HCA: hypothermic circulatory arrest; ACP: antegrade cerebral perfusion; DTA: descending thoracic aorta.
one had an interventional stenting of the DTA and left renal artery followed by laparotomy with cholecystectomy and appendectomy due to ischemic cholecystitis and appendicitis, one had an explorative laparotomy and cholecystectomy because of cholecystitis, one (who later died) had an explorative laparotomy, following aortic surgery, which showed malperfusion of the intestines, and one underwent endovascular therapy of the celiac trunk; in the MFET group, two patients (5.4%) needed open revascularization without bowel resection.
Vascular surgery for peripheral ischaemia was needed in 2.1% of all consecutive patients. In the MFET group, two patients (5.4%) needed surgery for unilateral leg ischaemia, one cross-over bypass and one membrane resection and patch-plastic, but no patient in the standard repair group needed such surgery, P = 0.2.
Outcomes
Overall 30-day mortality in all 141 consecutive patients was 12.1%. The matched analysis revealed a 30-day mortality of 0% in those with a MFET compared with 13.5% in the standard repair group, P = 0.05. In the latter group, two patients died due to mesenteric ischaemia, one due to stroke, one due to heart failure and one due to multiple organ failure.
Overall 6-month survival in all 141 patients was 87.9%. 'Unmatched' analysis showed an improved overall 6-month survival in patients with a MFET of 100%, compared with 83.7% [95% confidence interval (CI) 75-89.5%] in the standard repair group, P = 0.01. In 'matched' patients, overall 6-month survival was also better in those with a MFET, at 100%, compared with 86.5% (95% CI 70.5-94.1%) in the standard repair group, P = 0.02. Kaplan-Meier curves of the 'unmatched' and the 'matched' patient groups are shown in Figs 2 and 3 , respectively.
Reoperations and aortic events
Two patients (5.4%) in the standard repair group sustained bowel malperfusion after the initial hospitalization and underwent open resection of the supra-and infrarenal aortic dissection flap, whereas no patient in the stented group needed a reoperation and/or sustained an aortic event within 6 months postoperatively, P = 0.2.
DISCUSSION
Our study shows that the MFET procedure for emergent AAAD repair is a safe and fast procedure, and patients demonstrate excellent survival 6 months postoperatively. The MFET procedure is associated with an increase in the duration of HCA with ACP, by an average of 8 min, but this does not lead to increased postoperative morbidity or mortality.
The standard surgical technique for AAAD repair consists of an ascending aorta and hemiarch replacement with open anastomosis in HCA and ACP. Unfortunately, 70% or more of those patients have a persistent dissection of the aortic arch and the descending and abdominal aorta [7, 12] . This might, at least in part, add to the increased early mortality rate. Major reasons for immediate deaths after standard AAAD repair are abdominal and cerebral malperfusions, which often occur preoperatively. In particular, bowel malperfusion may be missed at admission since patients are often asymptomatic. If malperfusion is not reversed by the initial procedure, the patient's condition will worsen within hours after surgery and lead to death if not treated immediately [2, 14, [16] [17] [18] . Visceral malperfusion is one of the strongest determinants of early deaths in patients with AAAD [19] [20] [21] .
We recently showed that careful analysis of preoperative CT scan images can facilitate prediction of postoperative visceral malperfusion [14] . Interestingly, one study revealed that patients with visceral and renal malperfusion often initially present with entry tears in the distal aortic arch or the proximal DTA [16] . Such tears might add to the pressurization of the false lumen and promote decreased perfusion in abdominal organs. Therefore, treating such tears during initial aortic surgery has the potential to improve organ perfusion. Thoracic endovascular repair (TEVAR) effectively treats lesions and tears in the DTA [22] . The covered stent seals the entry and further communications between the false lumen and the true lumen [22, 23] . TEVAR is recommended for complicated acute type B aortic dissections (ABAD), and most recently even for uncomplicated ABAD because of its probable long-term advantages [22, 23] . It seems obvious that if the aortic dissection extends to the aortic arch and the descending aorta, a combination of a hemiarch replacement and a TEVAR might be promising. Therefore, it has been considered advisable not only to extensively resect the aorta in AAAD repair including total aortic arch replacement and reattachment of the supra-aortic vessels but also to stent the proximal DTA, commonly referred to as the FET or Suns procedure [2, 9] . These procedures seem optimal, but from a practical point of view whether such an extensive and challenging operative procedure benefits all AAAD patients in the acute setting is controversial [2] . The complexity of the technique, prolonged HCA with ACP for 60 min or more, longer CPB and aortic-clamping times, and bleeding complications have most probably contributed to limiting its wide application [2, 11, 14, 18] . Nevertheless, we recognize that some specialized centres perform those procedures successfully in high numbers [2, 3, [9] [10] [11] [12] . Other studies, however, have failed to show improved early survival rates in those treated with a FET or Suns procedure [12] . Some reports even revealed higher operative mortality, and higher rates of neurological dysfunction and of paraplegia after a FET procedure [3, 6, [10] [11] [12] [13] . In certain institutions, this has led to a change in the operative strategy, restricting AAAD repair with the FET procedure to a specialized team of surgeons, and performing those procedures more as elective procedures during daytime and less as emergent surgery [3] . We are critical of such changes in strategy and are convinced that AAAD requires urgent aortic repair. We think the procedure should include an extensive aortic repair, but the operation should also be fast and result in as little stress for the patient as possible. The primary goal of the procedure is patient survival. The modified FET repair technique might fulfil this need. The procedure combines replacement of the ascending aorta and hemiarch in HCA and ACP with an antegrade, open implantation of a covered stent graft into the proximal DTA [3, 7] . The technique used for our cohort is simple and fast (Fig. 1A-C) . We use a conformable GoreTAG V R stent, which has certain advantages over similar products including a simple thread mechanism for stent release allowing precise stent placement. The conformable nature of the stent leads to an excellent transition between the aortic arch and the stent graft. We place the stent right distally to the subclavian artery and as near as possible to the hemiarch resection level. The stent is proximally fixed with either a circular running suture or interrupted sutures. Such fixation reduces the risk of type 1 endoleak and might prevent any retrograde dissection into the aortic arch. Unfortunately, the GoreTAG V R stent does not have a collar for facilitated proximal fixation as seen in other products (e.g. CRONUS TM , MicroPort, Shanghai, China, which is not yet available in the US and Europe).
Analysis of all consecutive patients operated for AAAD at our institution since 2010 revealed that patients with the MFET have an excellent outcome compared with the standard repair group. The MFET repair was introduced in late 2013 and is now performed by all surgeons at our institution. With the exception of the stent implantation, no other perioperative factors changed during the time period analysed. Nevertheless, we cannot exclude the possibility that some technical or management details might have led to slight differences between the patient groups. Impressed by the improvement in early patient survival rates, we aimed to reveal whether the different outcomes were truly a consequence of the novel surgical technique or were due to different preoperative patient conditions. All 37 patients with a MFET were matched to patients with a standard repair based on the logistic EuroSCORE. The only difference between the groups was the time of HCA and ACP, which was on average 8 min longer in those with the MFET compared with the standard repair. Most importantly, this increase in HCA times did not translate into higher perioperative morbidity and mortality. In contrast, patients undergoing the MFET showed an excellent and better outcome 6 months postoperatively compared with those undergoing the standard repair. The postoperative stroke rate was even numerically lower in those with a MFET, though this difference was not statistically significant. We do not think that the MFET positively affects neurological outcomes, however it also does not increase the risk. More than 90% of postoperative strokes in both groups were focal neurological deficits most probably due to perioperative embolism. In addition, no patient in the MFET group developed a paraplegia, a dreadful complication after the FET. Crucial for its prevention might be a short HCA and a sufficient perfusion pressure and flow in the true lumen of the descending and abdominal aorta during rewarming and after surgery. In addition, we did not implant a stent longer than 150 mm, and the distal landing zone was always above Th6. The few studies so far published on the MFET procedure for emergent aortic repair in AAAD show that the procedure is safe and does not increase perioperative morbidity and mortality [2, 6-8, 7, 23-25] . In contrast to our investigation, these reports did not find an improved outcome in patients undergoing the MFET compared with the standard repair. One study revealed that patients with preoperative malperfusion might benefit most from the MFET because bowel malperfusion resolved better [23] . This seems reasonable and could explain, at least in part, why our patient cohort who underwent the MFET procedure had such an excellent outcome at 6 months postoperatively. Currently, we perform the MFET as a standard procedure in all patients with an AAAD. However, some patients may benefit more from such a procedure than others. Possibly only those with the highest risk for bowel malperfusion should undergo the MFET, preoperative CT scan analysis could help in selecting such patients [14] . Whether the MFET repair results in better long-term outcomes by stabilizing and remodelling the DTA is not proven but is probable; one study revealed that the freedom from reoperation on the distal aorta is improved after a MFET compared with the standard repair [25] . Nevertheless, further investigations are clearly needed on this topic including a comparison of the MFET with the FET and the standard repair technique.
LIMITATIONS
We acknowledge some limitations of our study. It is retrospective and the sample size of the cohort is small, which limited the statistical power of the study to detect significant differences. Perhaps a larger number of patients in the MFET group would show significant differences in favour or in disfavour of the proposed technique. Although neither surgical technique nor perioperative management changed during the 6-year period analysed, apart from the antegrade stent implantation, we cannot exclude slight differences in details. Since the decision on whether to undergo the MFET or the standard repair was based on surgeon preference, we cannot exclude some additional bias. However, there were no specific selection criteria before undertaking the MFET. A weakness of the study is the lack of CT follow-up data for MFET patients which would allow to analyse the effect of the implanted stent on aortic remodelling.
In conclusion, our study showed that the MFET is a simple, fast and safe procedure for emergent AAAD repair. The MFET increases the HCA with ACP by an average of 8 min compared with the standard repair technique, but without increasing perioperative morbidity and mortality. Most importantly, we revealed that emergent MFET repair is associated with excellent and improved early outcome and at 6 months postoperatively compared with the standard technique. Therefore, the MFET has become the 'gold standard' for AAAD repair at our institution.
